Accurate measurement of cerebral lactate is critical to the understanding of brain function for psychiatric disorders such as panic disorder and bipolar disorder as well as mitochondrial dysfunction. Proton magnetic spectroscopic imaging (MRSI) techniques can be used to study lactate in vivo; however, accurate measurement of cerebral lactate, which is normally at low basal abundance, can be challenging. In this study, regional lactate measurements obtained with two different MRSI analytic approaches were evaluated using proton echo-planar spectroscopic imaging (PEPSI) data from 18 healthy adults participating in an in vivo sodium lactate infusion study. The results demonstrate that averaging data within a region of interest (ROI) before spectral fitting with LCModel results in significantly improved lactate measurement as compared to averaging chemical concentrations derived from the fitting of individual voxels in the ROI. Simulation results that confirm this finding are also presented. This study additionally outlines an atlasbased approach for the systematic computation of regional distributions of chemical concentrations in large MRSI data sets.
Introduction
Cerebral lactate, a metabolic product of glycolysis, plays an integral role in neuronal energy metabolism (Schurr, 2006) . Lactate exists in the healthy brain at low basal concentrations, and elevations can indicate transient changes in physiological state (van Rijen et al., 1989; Dager et al., 1999b; Friedman et al., 2007) or neural activation (Prichard et al., 1991; Sappey-Marinier et al., 1992; Frahm et al., 1996) , as well as altered metabolic regulation such as in bipolar disorder (Dager et al., 2004) and panic disorder (Dager et al., 1994; Maddock, 2001) . Other brain pathological states also exhibit characteristic brain lactate elevations, including tumors (Sijens et al., 1996) , ischemia (Behar et al., 1983; Mathews et al., 1995) , traumatic brain injury (Makoroff et al., 2005) , and metabolic compromise from severe mitochondrial dysfunction, such as in MELAS (Kaufmann et al., 2004) or Leigh syndrome (Sijens et al., 2008) . There is also increasing interest in brain lactate as a biomarker for less severe mitochondrial dysfunction (Lin et al., 2003) (http://www.ninds. nih.gov/news_and_events/proceedings/20090629_mitochondrial.htm). Although proton magnetic resonance spectroscopy (MRS) provides a non-invasive means for lactate measurement in vivo, reliable quantification can be difficult, particularly at normal resting state. One known problem with measuring lactate and other chemicals at low natural abundance is systematic over-estimation when using linear combination fitting algorithms to estimate concentrations (Tkac et al., 2002; Kreis, 2004) . A number of investigators have demonstrated that chemical estimation reliability can be increased when data signal-to-noise ratio (SNR) is improved by increasing the number of signal acquisitions or the static magnetic field strength (Tkac et al., 2002; Otazo et al., 2006; Posse et al., 2007) .
At the same time, advances in magnetic resonance spectroscopic imaging (MRSI) have substantially increased the number of spectra that can be acquired in a given time. Two-dimensional proton MRSI techniques that can produce hundreds of usable spectra within a relatively short scan duration of 5-10 min are readily available on most clinical and research scanners, and three-dimensional MRSI techniques that can generate thousands of individual spectra in a single scanning session are rapidly coming into more common usage (Dager et al., 2008) . Advances in MRSI data processing and analytic procedures have provided major improvements in the processing of large arrays of spectra (e.g. MIDAS (Maudsley et al., 2006) , DSX (http://godzilla.kennedykrieger.org), and 3DiMRSI (http://mrs.cpmc. columbia.edu/3dicsi.html)); however, there is a persistent need for anatomically specific results generated with minimal operator bias.
One strategy for summarizing the information in MRSI data sets that has been applied by investigators is to average chemical information across voxels within specific regions of interest (ROIs). This strategy preserves regionally specific information while also reducing the number of final calculated chemical concentrations to a manageable number. The predominantly used practice in carrying out this strategy is to first calculate individual voxel chemical concentration estimates and to then average these values across all voxels within an ROI. An
